The interaction between cationic DNA-containing particles Their surface charge was close to neutrality as a conseand cell surface anionic proteoglycans is an efficient quence of the shielding effect of the prominent zwitterionic means of entering cultured cells. Therapeutic in vivo gene peptide residues. Transfection efficiency of integrindelivery levels, however, require binding to less ubiquitous expressing epithelial (HeLa) and fibroblast (MRC5) cells molecules. In an effort to follow adenovirus, thiol-derivatwas increased by 10-to 100-fold as compared with PEI, ized polyethylenimine (PEI) was conjugated to the integrineven in serum. This large enhancement factor was lost binding peptide CYGGRGDTP via a disulfide bridge. The when aspartic acid was replaced by glutamic acid in the most extensively conjugated derivative (5.5% of the PEI targeted peptide sequence (RGD/RGE), confirming the amine functions) showed physical properties of interest for involvement of integrins in transfection. PEI-RGD/DNA systemic gene delivery. In the presence of excess PEIcomplexes thus share with adenovirus constitutive proper-RGD, plasmid DNA was condensed into a rather homoties such as size and a centrally protected DNA core, and geneous population of 30-100 nm toroidal particles as 'early' properties, ie cell entry mediated by integrins and revealed by electron microscopy images in 150 mM salt.
Introduction
Gene delivery with synthetic DNA vehicles is an attractive approach to gene therapy. Nonviral systems are essentially based on DNA compaction into nanometric particles by electrostatic interaction between the polyanion and cationic lipids (lipoplexes) or polymers (polyplexes). In such a condensed form, DNA is protected from degradation and is internalized by cells. Cationic vectors are efficient for gene delivery in vitro when particles are positively charged. 1 Indeed, anionic cell-surface proteoglycans of adherent cells nonspecifically bind these cationic complexes and are responsible for their spontaneous uptake. 2, 3 Electrostatic cell-membrane binding and entry pathways are efficient and are extensively exploited to transfect cells in vitro. However, in vivo, especially when systemic delivery is used, cationic particles interact with many other polyanions and may be immunogenic. 4 Several strategies for selective gene delivery based on natural receptor-mediated endocytosis (for review, see Refs 5-7) have been investigated. Targeting polylysine derivatives have shown some promising results in vivo. 8, 9 However, gene transfer efficiency was low, presumably because of poor endosome escape. Lysosome-disrupting agents such as chloroquine or fusigenic peptides, [10] [11] [12] [13] or defective adenoviral particles 14, 15 have been used to favor escape of the scavenged polylysine/DNA complexes to the cytosol. To be
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The cationic polymer polyethylenimine (PEI) has been shown to be an efficient gene transfer vector per se. 16, 17 PEI has a strong buffer capacity at virtually any pH due to its numerous protonable nitrogen atoms. Endosome buffering induces osmotic swelling which leads to endosome rupture and escape of the PEI/DNA complexes. 16, 18 Chemical modification of PEI does not interfere with the proton sponge effect and several cell-binding ligands have been successfully coupled with PEI to mediate selective gene transfer. Galactosyl-PEI, 19, 20 transferrin-PEI and antiCD3-PEI conjugates 21 transfect hepatocytederived cell lines and tumors cells, respectively, in a receptor/ligand-dependent manner.
Integrins are adhesion molecules involved in cell-cell and cell-matrix adhesion processes. The integrin family includes heterodimeric transmembrane glycoproteins made of ␣ and ␤ subunits (for review, see . The ␣␤ complex and the presence of divalent cations are required for ligand recognition. Many integrins, including ␣ 5 ␤ 1 and most ␣ V -containing proteins, recognize multiple Arg-Gly-Asp (RGD) peptide sequences present in cell adhesion, serum or extracellular matrix proteins. 25 Some integrins mediate RGD-dependent internalization and degradation of molecules from the extracellular matrix through a lysosomal pathway. 26 Integrins are exploited for cell entry by certain viruses, including adenovirus, 27 echovirus 28 and foot-and-mouth disease virus. 29 For example, adenovirus spikes are made of a protein
Integrin-mediated gene transfer P Erbacher et al 139 complex consisting of a fiber protein inserted into a pentameric base that contains five RGD motifs. 30 The fiber protein is responsible for cellular tropism by mediating primary attachment to the fiber receptor. 31, 32 Subsequent virus internalization is triggered by penton base binding to cell-surface integrins. 27 The low pH of the resulting endosomes induces a lytic activity of the fiber protein leading to the release of partially uncoated particles into the cytoplasm. 33 Recombinant adenoviral vectors have been extensively employed for gene delivery 34 and gene therapy approaches. [35] [36] [37] Adenoviral vectors efficiently transduce many cell types; however, systemic delivery induces an immune response which prevents multiple injections. Short synthetic RGD-containing peptides can mimic the natural ligands 25, [38] [39] [40] and integrin-mediated cell entry has been exploited to internalize DNA condensed with a RGD-containing peptide coupled to oligolysine, irrespective of particle size. This targeting gene delivery system was able to transfect epithelial and endothelial cells in vitro. [41] [42] Small RGD-coated particles appear as an interesting means of delivering DNA in vivo through clathrin-coated vesicle formation. 43, 44 Here we describe such a system, which shares with adenovirus certain physical properties such as size and a centrally protected DNA core, cell entry through the integrin pathway, and the ability to escape from acidic endosomes. These entirely synthetic particles should be much less immunogenic than viruses.
Results
Synthesis of PEI-peptide conjugates PEI-peptide derivatives were prepared by conjugation through disulfide bridges. PEI was modified with the heterobifunctional reagent succinimidyl 3-(2-pyridyldithio) propionate (SPDP). Dithiopyridine-derivatized PEI was purified by gel filtration on a Sephadex G-25 fine column. The degree of conjugation was determined by reacting an aliquot with excess dithiothreitol and monitoring 2-thiopyridone at 343 nm. 45 The cysteine-containing peptide (CYGGRGDTP or CYGGRGETP) was added to a solution of dithiopyridine-derivatized PEI and kept for 1 h under argon. The reaction proceeded smoothly as monitored by UV absorption spectroscopy of 2-thiopyridone. For two molar equivalents of peptide, the reaction was completed (95% yield) within 1 h (adding only 1 equivalent of peptide gave poor yields (45%) presumably due to a competitive peptide dimerization reaction). PEI-peptide conjugates were isolated by gel filtration on a Sephadex G-25 column (Figure 1 ). Conjugates were further chromatographed for analytical reasons on a protein/peptide reverse phase HPLC column tuned for tyrosine detection at 275 nm ( Figure 2 ). The PEI-peptide conjugate (retention time 9.2 min) was found to be reasonably pure. As proof of conjugation, destruction of the PEI-peptide conjugate with excess DTT led back to the peptide monomer (⑀ 275 ෂ2500 M −1 cm
, retention time of 5.5 min; Figure 2c ). Various amounts of peptide (1.2-5.5% of the PEI amine functions) were grafted to PEI, giving mean numbers of peptide residues per polymer molecule of 7 to 32. Integrin-mediated gene transfer with PEI-CYGGRGDTP/DNA complexes Complexes between DNA and PEI or PEI-peptide conjugates were formed by counterion interaction and visualized by agarose gel electrophoresis. In the case of PEI, complete DNA retention occurred at PEI nitrogen over DNA phosphate ratio (N/P) Ͼ2. Identical results were obtained with PEI-peptide conjugates derivatized up to 2.5%, whether containing CYGGRGDTP or CYGGRG-ETP. Higher derivatization required slightly larger amounts of PEI-peptide (N/P = 3) to observe complete DNA retardation (data not shown).
Nonderivatized PEI-mediated transfection efficiency increased with the N/P ratio used to form the complexes. HeLa human epithelial cells were efficiently transfected (Ͼ10 8 RLU/mg protein, Figure 3a ), according to the cation-driven cell binding mechanism. Grafting RGD peptides to PEI improved efficiency further by up to 100-fold (Figure 3b , N/P = 10 and 20). The shift to an integrinmediated gene transfer process was confirmed by transfection experiments using a mutated sequence where aspartic acid was replaced by glutamic acid (PEI-CYGGRGETP) which showed efficiencies comparable with the unmodified PEI (Figure 3c and e). Lower amounts of vector (N/P = 5) showed less clearcut results, presumably because much larger particles were formed (see below).
The amount of peptide grafted to PEI was also a crucial factor ( Figure 4 ). Both selectivity and gene transfer efficiency increased with the number of RGD residues present in the complexes. In contrast, the amount of RGEcontaining peptide grafted to PEI had no significant effect on transfection efficiency which remained close to the level of the unmodified PEI/DNA complexes. Serum decreased transfection efficiency but not the RGD/RGE selectivity.
Biophysics of PEI-CYGGRG(D/E)TP/DNA complexes
Zeta potential measurements are indicative of the surface charge of polymer/DNA particles ( Figure 5 ). Nonconju- gated PEI-DNA particles had zeta potentials ranging from strongly negative (−50 mV, N/P = 2) to strongly positive (about +20 mV, N/P = 5-20). Increasing the amount of peptide grafting gradually decreased the apparent surface charge of the complexes, down to electrically neutral particles for 5.5% derivatization. This shielding effect was independent of the peptide sequence (not shown).
The size and morphology of the PEI-peptide/DNA complexes were determined by negative staining transmission electron microscopy ( Figure 6 ). Particle size appeared to be dependent on the N/P ratio used. Large micrometric aggregates were observed for complexes formulated at N/P = 3-5 (not shown). Smaller and more homogenous populations of essentially toroidal particles, with sizes ranging from 30 to 100 nm, were observed for N/P = 10-20; larger aggregates were infrequent. No morphological differences were noticed between RGD-and RGE-containing complexes for the same N/P ratio, nor did the extent of derivatization have a visible consequence. Unmodified PEI behaved similarly, as the size of the complexes decreased from about 1 m to 80 ± 50 nm toroidal particles with increasing N/P ratio.
Transfection of epithelial cells in the presence of serum
In the presence of 10% serum, the RGD/RGE selectivity profiles of the conjugates were decreased for the lower substituted conjugates. In order to evaluate the spread of gene delivery efficiencies better, a dose-response curve was constructed from transfection experiments of HeLa Transfection of fibroblasts in the presence of serum MRC5 fibroblast-like normal human lung cells are not the easiest cells to transfect. 17 This was confirmed here using PEI in the presence of 10% serum (Figure 8 ). However, using 5.5% PEI-RGD-DNA complexes, transfection was enhanced 20-fold as compared with PEI. The low efficiency obtained with complexes containing the control RGE sequence (Ͻ10 6 RLU/mg protein) again confirmed the contribution of integrin binding to improved transfection.
Discussion
Polyethylenimine condenses plasmid DNA into toroidal and rod-like particles [46] [47] [48] which have been shown to be efficient vectors for gene transfer. 16 Transfection is optimal when particles are positively charged since anionic cell-surface proteoglycans of adherent cells mediate their attachment and spontaneous endocytosis (as found also for several viruses. 49, 50 ). The PEI-associated 'proton sponge effect' leads to osmotic swelling and vesicle lysis, allowing the vector-DNA complexes to escape from the endosomes. 18 PEI-based systems mimic some of the key properties of viruses such as DNA condensation/ protection and endosome escape. The present results confirm previous studies [19] [20] [21] showing that additional cell targeting functions do not perturb endosome escape. The idea of using the integrin-mediated cell entry pathway for gene delivery comes from morphological and biochemical studies of viral infection. For example, serotype 2 and 5 adenoviruses sequentially bind to the fiber receptor 31, 32 and to integrins 27 at the cell surface. In a multistep process involving integrins, viral particle rearrangement 33 and coated pits, the virus becomes internalized. In order to achieve a similar goal with a nonviral system, the CYGGRGDTP peptide was coupled via disulfide bridge formation to dithiopyridine-derivatized PEI. Both affinity and specificity of the RGD peptide towards integrins are dependent on the amino acids flanking the RGD sequence. 51 The GRGDTP sequence we chose mimics cell attachment-promoting sequences of fibronectin, vitronectin and type I collagen. 52, 53 A tyrosine residue was added as a chromophore for detection during purification. This residue also incidentally increased the lifetime of the peptide as a monomer before conjugation. Indeed, preliminary attempts to couple the tyrosine-missing CGRGDTP peptide to dithiopyridine-functionalized PEI failed due to faster thiol-mediated peptide dimerization.
Previous work using targeted polylysine derivatives has shown that selectivity and efficiency depend upon the number of ligands and upon the N/P ratio. 54, 55 More closely related work with a vector containing a RGD peptide coupled to an oligolysine showed epithelial cell lines to be transfected; 41 in this system, a minimum number of 5000 ligands per complex, an about 6:1 N/P ratio as well as extra endosomolytic agents such as chloroquine, 42, 56 polyethylenimine or inactivated adenovirus 42 were required. In our system, epithelial and fibroblast cells were already efficiently transfected with unmodified PEI-DNA complexes having a strongly positive surface charge via the 'ionic' gene transfer mechanism.
1-3 Grafting an RGD-containing peptide to PEI still improved transfection by two orders of magnitude. Replacement of aspartic acid (D) by glutamic acid (E) in the peptide sequence brought transfection efficiencies back to the level of nontargeting complexes. Electron microscopy observations and zeta potential measurements showed that the physical characteristics of the PEI-peptide/DNA complexes were independent of the peptide sequence. Altogether, biological and physical experiments thus indicate the involvement of integrins in gene delivery with RGD complexes formed at N/P = 10-20. With such an excess of cationic polymer, small and rather homogenous populations of particles were observed whose size was compatible with clathrin-coated vesicle formation 43, 44 and diffusion in vivo. Lower amounts of polymer (N/P = 5) led to micrometric aggregates which could still enter cells by phagocytosis [57] [58] [59] yet are obviously of no interest for in vivo delivery. Vector/DNA complexes showed a pronounced tendency to aggregate through Van der Waals and hydrophobic interactions when they were not highly charged. 60 All these large particles, whether RGD-or RGE-coated, sediment on to cells in culture and the selectivity of binding to the cell surface is lost.
For N/P = 10-20, selectivity and transfection efficiency were dependent on the number of grafted ligands. The best results were obtained with the highest RGD-modified PEI (5.5%), leading to complexes containing approximatively 60 000 RGD peptides for N/P = 10. Precipitation of extensively derivatized dithiopyridone-PEI during synthesis precluded further experimentation along this line. Zeta potential measurements indicated that increasing the amount of peptide gradually decreased the apparent surface charge of the complexes, down to electrically neutral particles for 5.5% derivatization. This may be rationalized by a rough calculation showing that up to 10% of the zwitterionic peptide may be present at the surface of an 80 nm particle and interfere favorably with binding of serum proteins. Neutral PEI/DNA complexes bearing ligands such as osides, [19] [20] peptides (this work) or proteins 21 have physical properties compatible with both receptor-mediated endocytosis and escape from the blood vessels. However, systemic gene delivery is still obscured by the binding of blood components (including cells) whose effect on particle size and target cell binding needs to be studied further. PEI-RGD is already an evolved nonviral vector with multiple properties. Future improvements need to focus on decreasing parasite electrostatic interactions in vivo. Recently, an RGD-containing peptide was shown to target preferentially a toxin to tumor blood vessels in a mouse model. 61 Using PEI-RGD, targeted gene delivery based on selective expression of ␣ V ␤ 3 integrin in the tumor vasculature might become applicable to cancer gene therapy.
Materials and methods
Chemicals PEI (average molecular weight 25 kDa, average degree of polymerization 580 assuming an MW of 43 Da for the (Cambridge, UK). Peptides were purified by HPLC (purity Ͼ95%) and sequences were confirmed by mass spectrometry.
Synthesis of thiol-functionnalized PEI PEI was substituted with various amounts of the bifunctional reagent SPDP as described earlier for polylysine. 62, 63 PEI (20 mol of amine, 200 l of a 1 m pH 7 stock solution) and SPDP (0.35-1.6 mol; 1.1-5.1 mg in ethanol) were added to 800 l of 200 mm borate buffer pH 8.4, containing 250 mm NaCl. The concentration of NaCl was raised to 1 m for high amounts of SPDP (1 and 1.6 mol) to avoid precipitation. The mixture was left to react for 2 h at 20°C with continuous stirring. Low molecular weight products were removed by chromatography on a Sephadex G-25 fine column (12.5 × 450 mm) in 0.15 m NaCl. The reaction yield was determined by formation of 2-thiopyridone, as detected at 343 nm, upon reduction of an aliquot with excess DTT (about 70% yield). 45 The PEI conjugate concentration (amine content) was determined by the TNBS assay. 64 Four PEI-SS-pyridine conjugates were prepared with mercaptopropionate content of 1.2, 2.5, 3.4 and 5.5% of the PEI total nitrogen content.
Synthesis of peptide-conjugated PEI PEI-SS-pyridine (0.8 mol) in 1 ml of 0.1 m phosphate buffer pH 7.0, 0.15 m NaCl, was mixed with the peptide (HS-CYCCRGDTP or HS-CYCCRGETP; 1.6 mol) in 1 ml of 0.1 m phosphate buffer pH 7.0, 0.15 m NaCl and kept under argon. The reaction was completed within 1 h as monitored by following the formation of 2-thiopyridone at 343 nm (yield = 95%). Conjugates were purified by gel filtration on a Sephadex G-25 fine column (12.5 × 450 mm) in 0.15 m NaCl (Figure 1 ). The amine content was determined by the TNBS assay. 64 Conjugates were further analyzed by HPLC on a protein/peptide C4 reverse phase column (Vydac protein C4 column, 214TP, 4.6 × 150 mm; Touzart and Matignon, Vitry sur Seine, France). To confirm the conjugation of peptides to thiofunctionnalized PEI, excess DTT-treated samples were injected and eluted with a linear gradient of 0-20% acetonitrile in aqueous 0.01% trifluoroacetic acid for 20 min (Figure 2 ).
Formation of PEI and PEI-peptide conjugates/DNA complexes: electrophoretic analysis Complexes were prepared by adding various amounts of the polycation in 50 l of 0.15 m NaCl to 2 g of pCMVLuc plasmid in 50 l of 0.15 m NaCl. After incubation for 15 min at 20°C, 20 l of each sample were analyzed by 0.8% agarose gel electrophoresis in 150 mm pH 7.4 Tris acetate buffer (1 h at 5 V/cm). DNA was stained in a Tris acetate buffer containing ethidium bromide.
Zeta potential measurements DNA (20 g pCMVLuc) and various amounts of the polycation were diluted separately in 500 l of 0.15 m NaCl. After 10 min, the PEI derivative was added to the DNA; the solution was homogenized and left for 10 min at room temperature. Zeta potential was measured with a Zetamaster 3000 (Malvern Instrument, Orsay, France) with the following specifications: three measurements per sample; viscosity, 1.014 cP; dielectric constant, 79; temperature, 20°C; beam mode F(Ka) = 1.50 (Smoluchowsky).
Transmission electron microscopy (TEM) of PEIpeptide/DNA complexes A carbon film was prepared on freshly cleaved mica, using evaporation of carbon rods under vacuum. The flotation technique was then used to cover electron microscope copper/rhodium grids (300 Mesh, Touzard and Matignon, Courtaboeuf, France) with the carbon film. After overnight drying, the grids were kept on a blotting paper placed in a Petri dish. Just before adding the samples, the grids were glow discharged (110 mV, 25-30 A, 25 s). PEI-DNA or PEI-peptide conjugate-DNA complexes were prepared according to the aforementioned procedure with 2 g DNA. A 5 l drop of the solution was then poured on to the grid. After 1 min, complexes were stained with 30 l of an aqueous uranylacetate solution (1%, w/w) for 20 s, then the excess of liquid was removed with blotting paper. Samples were observed at 80 kV with a Philips EM 410 transmission electron microscope (Eindhoven, The Netherlands).
Cells and cell culture
HeLa human cervix epitheloid carcinoma cells (kindly provided by Dr L Monaco, Istituto San Raffaele, Milano, Italy) were grown in MEM with Earle's salt (PolyLabo, Strasbourg, France). MRC5 fibroblast-like normal human lung cells (ATCC CCL 171; Rockville, MD, USA) were cultured in DMEM (PolyLabo). Both cell culture media were supplemented with 10% fetal calf serum (FCS; D Dutcher, Brumath, France), 2 mm glutamine (Gibco BRL, Lyon, France), 100 U/ml penicillin (Gibco BRL) and 100 g/ml streptomycin (Gibco BRL). Cells were maintained at 37°C in a 5% CO 2 humidified atmosphere.
Complex formation and transfection DNA (6 g pCMVLuc) and various amounts of PEI or PEI conjugates were diluted separately in 150 l of 0.15 m NaCl each. After 10 min, the PEI was added to the DNA, the solution was homogenized immediately and left for 10 min at room temperature.
One day before transfection, 5-6 × 10 4 cells per well were seeded in 24-multiwell tissue culture plates. Before transfection, cells were supplemented with 1 ml fresh complete medium containing 10% FCS. The polycation-DNA complexes (100 l per well) were added and the plates were incubated at 37°C in a humidified atmosphere containing 5% carbon dioxide. When specified, HeLa cells were transfected in the absence of serum. In this case, 10% serum was added to the cells after 2 h of incubation. After 24 h incubation, cells were lyzed and luciferase gene expression was quantified using a commercial kit (Promega, Cergy Pontoise, France) and a luminometer (Biolumat LB 9500; Berthold, Paris, France). Results were expressed as light units integrated over 10 s, per mg of cell protein using the BCA assay (Pierce, Paris, France). Each experiment was done in triplicate.
